The olfactory epithelium is a sensory neuroepithelium that supports adult neurogenesis and tissue regeneration following injury, making it an excellent model for investigating neural stem cell regulation in vivo. Previous studies have identified the horizontal basal cell (HBC) as the neural stem cell of the postnatal olfactory epithelium. However, the molecules and pathways regulating HBC self-renewal and differentiation are unknown. In the present study, we demonstrate that the transcription factor p63, a member of the p53 tumor suppressor gene family known to regulate stem cell dynamics in other epithelia, is highly enriched in HBCs. We show that p63 is required cell autonomously for olfactory stem cell renewal and further demonstrate that p63 functions to repress HBC differentiation. These results provide critical insight into the genetic regulation of the olfactory stem cell in vivo and more generally provide an entré e toward understanding the coordination of stem cell self-renewal and differentiation.
INTRODUCTION
Adult neurogenesis and tissue regeneration are central features of the postnatal olfactory system of vertebrates. Primary olfactory sensory neurons and other cells in the nose turn over constantly and are replaced over the lifetime of the animal. Under normal conditions, olfactory sensory neurons have a limited lifespan and are replaced through the proliferation and differentiation of progenitor cells (Graziadei and Graziadei, 1979; Mackay-Sim and Kittel, 1991; Smart, 1971) . Upon injury or chemical insult, for example exposure to toxins such as MeBr or zinc sulfate, the entire olfactory epithelium is reconstituted from these progenitor cells within several months (Burd, 1993; Matulionis, 1975 Matulionis, , 1976 Schwob et al., 1995) . Two cell types have emerged over the years as candidate stem cells of the olfactory epithelium: horizontal basal cells (HBCs) and globose basal cells (GBCs) . Distinguished by cell morphology (Graziadei and Graziadei, 1979 ) and the expression of certain marker genes, both cell types reside in the basal compartment of the pseudostratified olfactory epithelium, starting at perinatal stages ( Figure 1A ). Although it is well established that some GBCs are precursors already committed to the neuronal lineage (Caggiano et al., 1994; Cau et al., 1997) , several studies suggest the existence of multipotent GBCs in the olfactory epithelium (Chen et al., 2004; Gokoffski et al., 2011; Huard et al., 1998; Manglapus et al., 2004) . Other lines of investigation favor the HBC as the olfactory stem cell. HBCs are relatively quiescent, dividing every 60 days, as compared to GBCs, which divide once per day (Huard and Schwob, 1995; Mackay-Sim and Kittel, 1991) ; quiescence under normal conditions is a hallmark of other well-characterized adult tissue stem cells (Fuchs, 2009; Li and Clevers, 2010) . In addition, HBCs in culture have a demonstrated capacity to generate neurons, as well as nonneuronal cells (Carter et al., 2004) . Finally, cre-lox lineage tracing studies have firmly established that HBCs can give rise in vivo to all cells of the olfactory epithelium-including the GBCs-under conditions of normal turnover, as well as injury-induced regeneration (Iwai et al., 2008; Leung et al., 2007) .
In one model that reconciles these two views, the GBCs are a heterogeneous class (comprising both neuronally committed and multipotent progenitors) that supports normal turnover in the olfactory epithelium, whereas the HBCs represent a reserve stem cell pool that divides infrequently to replace GBCs, which are slowly depleted over the lifetime of the animal (Duggan and Ngai, 2007; Leung et al., 2007) . HBCs are stimulated to proliferate more actively during injury-induced regeneration to replace the GBCs and eventually all of the mature cell types of the epithelium ( Figure 1A ). Indeed, in other regenerating systems, there is a precedent for such a reserve stem cell pool. For example, the slowly dividing bulge epithelial stem cells of the hair follicle replenish more actively proliferating progenitors and are stimulated to proliferate in response to injury (Fuchs, 2009; Li and Clevers, 2010) .
What are the transcriptional networks governing self-renewal and differentiation of the adult tissue stem cell of the olfactory epithelium? To address this issue, we performed whole-genome transcriptome profiling on quiescent HBCs purified by fluorescence-activated cell sorting (FACS) as a means of identifying transcripts enriched in these cells. Through this analysis, we found that the mRNA encoding the transcription factor p63 is among the most highly enriched transcripts in these cells, a finding that was validated by RNA in situ hybridization and immunohistochemistry. p63 is a member of the p53 tumor suppressor gene family that is expressed by stem cells in a variety of stratified epithelia (Osada et al., 1998; Yang et al., 1998) . p63 gene knockouts in the mouse have demonstrated its role as a key regulator of ectoderm-and endoderm-derived epithelial stem cells, where it functions to maintain their self-renewing proliferative capacity and/or cell survival (Mills et al., 1999; Senoo et al., 2007; Su et al., 2009a Su et al., , 2009b Truong et al., 2006; Yang et al., 1999) . Other studies have implicated p63 in promoting epithelial differentiation events (Candi et al., 2006a (Candi et al., , 2006b Koster et al., 2004 Koster et al., , 2007 Truong et al., 2006) , although this aspect of p63 function remains controversial (Blanpain and Fuchs, 2007; Crum and McKeon, 2010) . A recent analysis of newborn pups harboring a germline p63 null mutation demonstrated that p63 is required for the generation of HBCs from progenitor cells during late embryogenesis (Packard et al., 2011) ; however, the molecular identity of the embryonic cells that give rise to HBCs and the mechanism through which p63 regulates this developmental process remain unknown. Given the requirement for p63 in the genesis of HBCs during embryogenesis, p63's expression in HBCs and its demonstrated role in regulating self-renewal in other epithelial stem cells, we hypothesized that it may play a critical role in regulating HBC cell fate in the postnatal olfactory epithelium. Indeed, we found that conditional inactivation of the p63 gene in HBCs results in defects in HBC self-renewal. Analysis of the conditional p63 knockout further revealed that p63 is required to suppress differentiation of HBCs into other cell types in the olfactory epithelium. Together, these results suggest that p63 promotes olfactory stem cell self-renewal, at least in part by inhibiting HBC differentiation. Our studies provide important insight into the genetic network regulating stem cell dynamics in the olfactory epithelium and reveal an intriguing parallel between stem cell regulation in this neuroepithelium and other epithelial tissues.
RESULTS

Transcriptome Profiling of FACS-Purified HBCs:
Identification of p63 as a Candidate Regulator of the Olfactory Stem Cell As an approach toward identifying the genes expressed in the adult tissue stem cells of the olfactory epithelium, we dissociated cells from the olfactory epithelium of 21-to 25-day-old postnatal (P21-25) mice and labeled them with a fluorescently tagged antibody to ICAM1, a cell-surface protein that is expressed exclusively by HBCs in the postnatal olfactory epithelium (Carter give rise to immature and mature olfactory sensory neurons (iOSNs and mOSNs, respectively), sustentacular support cells (SUSs), and cells of the Bowman's gland (BGs). HBCs reside directly adjacent to the basal lamina, indicated by the dashed line; apical and basal aspects of the epithelium are indicated. (B) ICAM1(+) (enriched in HBCs; lower right quadrant) and ICAM1(À)(lower left quadrant) cells of the olfactory epithelium were purified by FACS using an FITC-labeled antibody to ICAM1. Gene expression in these purified populations of cells was assayed using Affymetrix DNA microarrays. (C) Differential gene expression between ICAM1(+) and ICAM1(À) cells is shown in this volcano plot, which plots for each probe set the average M value (where M is the log 2 ratio of expression level in ICAM1(+) versus ICAM1(À) cells, i.e., M value = log 2 [ICAM1(+)/ICAM1(À)]) versus Àlog 10 [p value]. Probe sets corresponding to transcripts showing high levels of enrichment and low variance reside in the upper right quadrant of the graph. Through this analysis, the transcription factor p63 was identified as one of the most highly enriched transcripts in ICAM1-positive cells (blue circle). (D and E) RNA in situ hybridization (D) and immunohistochemistry (E) showing p63 localization to the HBC layer in postnatal (P30) olfactory epithelium. Note colocalization of p63 (nuclear) and ICAM1 (plasma membrane) in (E). Location of basal lamina in (D) and (E) is indicated by dashed line. (F) RT-PCR analysis of p63 isoforms expressed in ICAM1(+) HBCs. DNp63 is the predominant N-terminal isoform; TAp63 is undetectable in this assay, as well as by qRT-PCR. All 3 0 splice forms (alpha, beta, and gamma) are expressed in these cells. Scale bar represents 50 mm. See also Figure S1 . et al., 2004) . ICAM1-positive and ICAM1-negative cells were purified by FACS ( Figure 1B) . We then performed microarraybased transcriptome profiling (using the Affymetrix mouse 430.2 platform) on FACS-purified cells; pairs of ICAM1(+) and ICAM1(À) cell samples from three independent FACS runs were analyzed. Based on microarray analysis as well as quantitative RT-PCR, we found that transcripts known to be preferentially expressed by HBCs (Krt5, Krt14, Icam1, and Itgb4) were reproducibly enriched in the ICAM1(+) population, whereas transcripts expressed by more mature cell types (Ascl1, Neurog1, Gap43, Omp, and Ost) were depleted (see Figure S1 available online), indicating the effectiveness of the ICAM1-based FACS purification of HBCs. Figures 1C and S1 ). Given its established role in stem cell proliferation and selfrenewal in other stratified epithelia, we focused on p63 as a potential regulator of the stem cell in the olfactory neuroepithelium. Consistent with our data demonstrating an enrichment of p63 mRNA in FACS-purified HBCs, by RNA in situ hybridization we found that p63 localizes to the HBC cell layer of the postnatal olfactory epithelium ( Figure 1D ). Similarly, double-label immunohistochemistry using antibodies directed against p63 and ICAM1 confirms p63 expression in HBCs ( Figure 1E ). We next determined which of the multiple isoforms encoded by the p63 gene (Yang et al., 1998) are expressed in these cells. By alternative transcriptional start-site utilization, two N-terminal p63 variants (TAp63 and DNp63) are generated that either contain or lack a transcriptional transactivating domain homologous to the transactivating domain of p53 (Osada et al., 1998; Yang et al., 1998) , respectively. In addition, three alternative splicing events at the p63 gene's 3 0 end generate alpha, beta, and gamma transcripts, which together with differential promoter utilization yield six possible p63 isoforms. DNp63 is the predominant form expressed in stem and progenitor cells from a wide variety of epithelial tissues (Crum and McKeon, 2010) . In general, the DNp63 isoforms are thought to function as transcriptional repressors, although some transactivating activity has been ascribed to DNp63 (Perez and Pietenpol, 2007; Viganò et al., 2006; Yang et al., 2006) . As judged by RT-PCR and quantitative RT-PCR (qRT-PCR) using isoform-specific primers, we found that, as in other epithelial stem cells, DNp63 is the predominant N-terminal isoform expressed in FACS-purified ICAM1-positive HBCs ( Figure 1F ); all three 3 0 splice forms were detected in these cells ( Figure 1F ). TAp63 was undetectable by qRT-PCR and comprises at most 0.1% of the p63 transcripts present in FACS-purified HBCs (the detection limit of our assay; see Experimental Procedures). Similar conclusions regarding p63 isoform expression in HBCs were recently reported by Packard et al. (2011) . Thus, based on its role in regulating other epithelial stem cells and its localized expression in HBCs, we hypothesized that p63-and, in particular, DNp63-may play a role in regulating olfactory stem cell dynamics.
p63 Is Expressed in Both Quiescent and Proliferating HBCs We initiated our investigation of p63's role in HBC self-renewal and differentiation by determining its patterns of expression in the olfactory epithelium under steady-state conditions and during injury-induced regeneration. At steady state, HBCs are largely quiescent, and replacement of mature olfactory sensory neurons occurs mainly through the proliferation and differentiation of the GBCs (Graziadei and Graziadei, 1979; Iwai et al., 2008; Leung et al., 2007) . Chemical insult by agents such as methimazole causes the destruction of all mature and immature olfactory cell types, which stimulates their replacement through the proliferation and differentiation of HBCs (Leung et al., 2007) . To track the fate of p63-expressing HBCs, we crossed transgenic Krt5-CrePR mice (in which Cre recombinase is driven by the Krt5 promoter; Zhou et al., 2002) , which is constitutively active in HBCs (Iwai et al., 2008) , to a Rosa26-lox-stop-lox-YFP (Rosa26 YFP ) reporter strain (Srinivas et al., 2001 ). The Krt5-CrePR transgene first becomes active in the HBCs at postnatal day 3 (P3; Iwai et al., 2008) ; for these experiments, olfactory epithelium was analyzed starting at 4 weeks after birth. In the normal, uninjured epithelium, p63 and the YFP-lineage tracer colocalize to the HBC layer (Figures 2A and 2G ). p63-expressing cells are largely quiescent under steady-state conditions (Figures 2G), as evidenced here by the low percentage of p63-positive cells colabeled with the proliferating cell marker, Ki67; Ki67 is expressed in only 6.6% of p63-positive cells ( Figure S2 ) and is otherwise restricted to the more apical GBC layer (Figures 2A and 2G) . Upon injury, HBCs become proliferative ( Figures 2H-2L ); mirroring previous studies on the proliferation of HBCs in response to injury (Leung et al., 2007) , the fraction of proliferating HBCs with detectable p63 protein peaks at 2 days post-injury (with $65% of p63-positive cells expressing Ki67, which marks cells in G1 through M phase; Figures 2I and S2) and declines closer to control levels by 5-7 days (Figures 2K and 2L) . At the same time, YFP-labeled cells localize to more apical layers in the epithelium ( Figures 2C-2F ), reflecting the generation of differentiated cells (including GBCs) from the proliferating HBCs. p63 expression remains largely restricted to and enriched in HBCs in the basal-most layer of the epithelium during regeneration ( Figures 2H-2L ). Similar results were reported for injury-induced regeneration of the postnatal rat olfactory epithelium (Packard et al., 2011) . Consistent with these observations, qRT-PCR analysis of FACS-purified ICAM1-positive cells at 48 hr of regeneration in the mouse (which include proliferating GBCs in addition to HBCs owing to perdurance of ICAM1 expression) reveals an $10-fold decrease in DNp63 expression compared to ICAM1-positive cells isolated from uninjured epithelium (data not shown). Together, these results indicate that p63 is downregulated as HBCs give rise to their differentiated cellular progeny.
p63 Is Required Cell Autonomously for HBC Self-Renewal Expression of p63 in quiescent and proliferating HBCs suggests a possible role of this transcription factor in regulating olfactory stem cell maintenance. To test this idea directly, we created a conditional knockout of p63 by using Krt5-CrePR transgenic mice to excise a floxed allele of the p63 gene (Mills et al., 2002) in HBCs. Olfactory epithelia of Krt5-CrePR;p63 lox/lox ; Rosa26 YFP mice and control littermates were treated with methimazole at P10 and analyzed after 6 days of regeneration at P16 (Figure 3 ). In control mice wild-type at the p63 locus, YFPlabeled descendants of HBCs include all of the different cell types of the olfactory epithelium, including GBCs, immature and mature neurons, support cells, and HBCs ( Figure 3 ; Leung et al., 2007) ; similar results were obtained with Krt5-crePR; p63 lox/+ mice and p63 lox/lox mice lacking the Krt5-crePR transgene ( Figure S3 ). As shown in Figure 3A , the Krt5-CrePR transgene causes a significant decrease in the number of p63-expressing cells in the p63 lox/lox background (see also The decrease in the number of YFP-lineage-traced HBCs in the conditional p63 knockout indicates a defect in the ability to maintain HBC cell fate, strongly suggesting a role of p63 in promoting HBC self-renewal. As an independent means of validating this conclusion, we labeled dividing cells with the thymidine analog, EdU, to determine the fates of newly born cells in the HBC lineage. In these experiments, an inducible Krt5-creER(T2) driver (Indra et al., 1999) was used to excise the floxed p63 gene at a defined time point by activation with a single dose of tamoxifen ( Figure 4A ). Injury-induced regeneration was then stimulated with methimazole 36 hr following tamoxifen injection. Proliferating cells in S phase were labeled with EdU 1 day post-injury, just as the newly labeled HBCs began to proliferate (see Figure 2) . Tissue was harvested at 
. Expression of p63 during Injury-Induced Regeneration of the Olfactory Epithelium
Four-week-old mice were injected with methimazole to stimulate degeneration of differentiated olfactory epithelium cell types, followed by their regeneration from HBCs. Tissue sections from uninjured (UI) and injured olfactory epithelium at 1, 2, 3, 5, and 7 days post-injury (dpi) were analyzed by double-label immunohistochemistry and confocal microscopy. (A-F) HBCs and their descendants were labeled with an anti-GFP/YFP antibody in olfactory epithelium from Krt5CrePR;Rosa26 YFP mice, and proliferative cells were detected using an antibody against Ki67.
(G-L) Immunohistochemical localization of p63 and Ki67. Note that p63 is expressed exclusively by HBCs in the uninjured epithelium, where they are mostly quiescent. Upon injury, HBCs proliferate and differentiate to regenerate the pseudostratified olfactory epithelium, as evidenced by the progressive addition of suprabasally localized YFP-labeled cells. p63 expression remains localized to the HBC layer during injury-induced regeneration and is expressed transiently in proliferating HBCs, whose numbers peak at 2 dpi. Locations of basal lamina are indicated by dashed lines; apical and basal aspects of the epithelium are indicated in (C). Images were captured from the septum in the middle and ventral regions of the olfactory epithelium. Scale bar represents 50 mm. See also Figure S2 .
3 days of regeneration (2 days following EdU labeling) and analyzed for the disposition of EdU-labeled, YFP-lineage-traced cells. In the control p63 +/ background, we found that EdU labelretaining, YFP-positive cells include both basal and suprabasal cells, indicating that the lineage-traced HBCs give rise to both differentiated progeny (EdU-positive cells in the suprabasal layers), as well as the HBCs themselves (EdU-positive cells in the basal-most layer; Figure 4B ). In the p63 lox/lox background, however, we observed a reduction of basally localized EdUpositive, YFP-labeled cells, with a persistence of labeled cells in suprabasal layers ( Figure 4C ). Quantitation of EdU(+),YFP(+) cells reveals a significant decrease in the number of EdU labelretaining basal cells in the p63 lox/lox background as compared to controls (p = 0.014; unpaired two-tailed t test), whereas the number of suprabasal label-retaining cells was not significantly altered ( Figure 4D ). The data from these experiments indicate that differentiation of HBCs into more mature olfactory epithelium cell types can proceed in the conditional p63 knockout background. In the absence of p63, however, HBC self-renewal is compromised when these cells are stimulated to proliferate in response to injury. Thus, p63 is required to promote HBC self-renewal, but not differentiation, under conditions of injury-induced regeneration.
Spontaneous Differentiation of p63 Mutant HBCs under Steady-State Conditions
The results presented thus far are consistent with observations made in other stratified epithelia, showing that p63 is required for stem cell proliferation and self-renewal, but not for later differentiation events (Senoo et al., 2007; Yang et al., 1999) . Other studies have further suggested that repression of a ''stemness'' or self-renewal program-in which p63 plays a part-is necessary for allowing differentiation to proceed (Lena et al., 2008; Yi et al., 2008) . In the olfactory epithelium, p63 is downregulated as HBCs differentiate in response to injury (Figure 2 ; Packard et al., 2011) . We therefore hypothesized that p63 functions to inhibit differentiation of HBCs. To test this hypothesis, we examined uninjured postnatal olfactory epithelium from P12 mice and asked whether conditional knockout of p63 in HBCs would lead to any perturbations in HBC dynamics under conditions in which HBCs are normally quiescent. In striking contrast to olfactory epithelium from p63 wild-type mice, YFPlineage-traced cells are present throughout the basal-apical axis of the olfactory epithelium in the p63 lox/lox background ( Figures 5A-5H ). The percentage of YFP-labeled cells residing in suprabasal cell layers in the p63 mutant is increased significantly compared to wild-type epithelium, in which the vast majority of labeled cells resides directly adjacent to the basal lamina ( Figure 5J ; 50% versus 0.15% suprabasal YFP-labeled cells in mutant versus wild-type epithelium, respectively; p = 0.001, unpaired two-tailed t test). This difference reflects aberrant proliferation of the normally quiescent HBCs at the expense of the HBCs themselves; compared to controls, a greater percentage of lineage-traced cells in the mutant are proliferative (Figures 5E and 5K ; 38% versus 9.7% of YFP-positive cells express Ki67 in the mutant versus wild-type, respectively; p = 0.0038). Consistent with the notion that these cells are differentiating along their normally prescribed lineages, relative to controls, a greater percentage of YFP-labeled cells expresses Ascl1 (Figures 5F and 5L ; 12% versus 1.9% in the mutant versus wild-type, respectively; p = 0.0013) and NeuroD1 ( Figure 5G ), markers of GBC progenitors and committed neuronal precursors, respectively. In addition, p63 mutant HBCs ultimately differentiate into neurons and sustentacular cells, as evidenced by the expression of N-tubulin ( Figure 5H ) and apical Sox2 ( Figure 5D ) in lineage-traced cells. Few fully mature neurons expressing olfactory marker protein (OMP) are evident at P12 ( Figure S4) , the stage at which tissue was harvested for analysis of uninjured olfactory epithelium. This is not surprising, given that the Krt5-crePR transgene is not activated until P3 and that olfactory neurons require 10-14 days to mature fully from early precursor cells. In the rare mouse that survived past 3 weeks of age (the time at which most of the Krt5-crePR;p63 lox/lox die),
we observed widespread OMP-positive, YFP-lineage-traced cells that innervate the glomerular layer of the olfactory bulb ( Figure S4 ), indicating that cells lacking p63 are capable of differentiating into fully mature olfactory neurons. Conversely, we observed a decrease in the numbers of basal YFP-labeled cells expressing Krt14 ( Figure 5B ) and ICAM1 ( Figure 5C ) in the mutant background, indicating a depletion of HBCs under these conditions. Lineage-traced, Sox2-positive globose-shaped basal cells are present in the p63 knockout, consistent with the idea that the HBCs have differentiated into proliferative GBCs (basal cells in Figure 5D ). As judged by staining for activated caspase 3, the number of cells undergoing apoptosis is low in the wild-type background ($0.2% of YFP-labeled cells are caspase 3 positive) and increases slightly to $0.4% of YFPlabeled cells in the conditional p63 knockout ( Figure 5M) ; the difference between mutant and control is not statistically significant, however, suggesting that cell survival is not affected in p63 mutants at the stage we examined.
DISCUSSION
New neurons are generated in the adult nervous system through the proliferation and differentiation of local adult neural stem cells, a process critical for supporting plasticity and regeneration (Zhao et al., 2008) . The olfactory epithelium provides an attractive model system for illuminating the mechanisms regulating self-renewal and differentiation of adult neural stem cells, owing to its capacity to regenerate over the entire lifespan of the animal, its relative simplicity, and the ease of experimental access to this neural structure in vivo. Previous studies have identified the HBC as the earliest multipotent stem cell in the postnatal olfactory epithelium in vivo (Iwai et al., 2008; Leung et al., 2007) . It was recently shown that DNp63 is expressed in HBCs, and a germline and p63 lox/lox backgrounds was induced with tamoxifen at 3 weeks of age. The olfactory epithelium was injured with methimazole 36 hr following tamoxifen induction; 24 hr after methimazole treatment-a time at which HBCs start to proliferate in response to injury-animals were pulsed with the thymidine analog EdU to label dividing HBCs. Animals were fixed at 72 hr post-injury, and the position of YFP(+),EdU(+) double-labeled cells-which represent descendants of HBCs that had proliferated in response to injury-was assessed in control (p63 mutation in the p63 gene results in the absence of HBCs in the perinatal olfactory epithelium (Packard et al., 2011) . These latter observations demonstrate a role of p63 in the formation of HBCs from earlier progenitor cells in the embryonic olfactory epithelium, although the mechanism through which p63 functions in this developmental process is unknown. For example, is p63 required cell autonomously to direct olfactory progenitors to differentiate into HBCs, or does it function in some other way to support the generation of HBCs during late-stage embryogenesis? Given p63's role in the maintenance of other embryonic epithelial stem cells (Blanpain and Fuchs, 2007; Crum and McKeon, 2010) , it is possible that the absence of HBCs in the germline p63 null background is due to a defect in their survival once they are formed. Whatever the case, the cellular and molecular mechanisms driving the decision between the alternate cell fates of self-renewal and differentiation in HBCs have so far remained uncharacterized.
In the present study we identified the transcription factor p63 as a key regulator of the postnatal HBC, in which it functions cell autonomously to maintain the olfactory stem cell by promoting self-renewal and inhibiting differentiation into more mature cell types. We propose a model in which HBCs are released from this inhibition upon downregulation of p63, which allows these stem cells to differentiate into fully mature olfactory neurons and other cell types according to a prescribed differentiation program. Our discovery of p63 as a key regulator of HBC dynamics provides important insight into the cellular mechanisms regulating this multipotent neural progenitor and implicates a larger p63-dependent transcriptional network that drives cell fate decisions between self-renewal and differentiation in the postnatal olfactory stem cell.
p63 and HBC Self-Renewal
Through what cellular mechanisms does p63 promote selfrenewal of the olfactory stem cell? Unlike other epithelial stem cells, which are proliferative, HBCs are largely quiescent under normal conditions. Because p63 is expressed in both quiescent and proliferating HBCs, if p63 is indeed required for self-renewing proliferation, it must work in concert with other factors in the cell to govern the transition from quiescence to proliferation. In other epithelial systems, p63 appears to support stem cell selfrenewal in vivo by antagonizing apoptosis or senescence (Senoo et al., 2007; Su et al., 2009b) . Similarly, in the central nervous system, p63 antagonizes p53 activity to promote the survival of embryonic cortical neural precursor cells and newly born cortical neurons (Dugani et al., 2009 ). Although it is formally possible that p63 inhibits apoptosis of newly born HBCs in order to promote stem cell survival following HBC cell division, we did not in fact observe a statistically significant increase in caspase 3-positive cells in the p63 mutant background. Future studies should help illuminate the contributions of p63 function to the processes of olfactory stem cell proliferation and stem cell survival.
The HBC as a Model for Understanding the Role of p63 in the Differentiation of Epithelial Stem Cells
In the first studies demonstrating p63's function in development, germline deletion of the p63 gene resulted in severe defects in the development of the skin and other stratified epithelia (Mills et al., 1999; Yang et al., 1999) . One group observed a depletion of the proliferative stem cells but persistence of a small number of differentiated cells, which was interpreted to reflect a requirement for p63 in stem cell self-renewal, but not for differentiation (Yang et al., 1999) . The defects in epidermal stratification and the paucity of differentiated cells were ascribed to a depletion of the proliferative stem cells in the developing epithelium owing to the lack of self-renewal (Yang et al., 1999) . Subsequent investigations on a number of different epithelial systems have revealed that p63 contributes to stem cell maintenance by promoting proliferation, and in some instances by also promoting cell survival via inhibition of apoptosis or senescence (Senoo et al., 2007; Su et al., 2009a Su et al., , 2009b Truong et al., 2006) . Other studies using an independently derived p63 null allele suggested an additional requirement for p63 in the differentiation of epithelial stem cells into more mature progeny (Mills et al., 1999 ), a conclusion that has gained support from a number of follow-up reports (Candi et al., 2006a (Candi et al., , 2006b Koster et al., 2004 Koster et al., , 2007 Truong et al., 2006) . The basis of this discrepancy has remained unresolved for over a decade, in spite of intensive investigations using gain-and loss-of-function approaches in both in vivo and in vitro models of a variety of different epithelial systems.
A somewhat different view posits that p63 functions to suppress, rather than promote, the differentiation of epithelial stem cells. In support of this model, ectopic expression of p63 in cultured keratinocytes blocks their differentiation into more mature epithelial cell types (Ellisen et al., 2002; King et al., 2003 King et al., , 2006 . Such gain-of-function overexpression studies should be interpreted with some caution, however, because the effects may be due to nonphysiological levels of ectopically expressed protein. Indeed, in one case TAp63, but not DNp63, was found to block differentiation of human keratinocytes (Ellisen et al., 2002) , whereas other studies found that DNp63, but not TAp63, had such differentiation inhibiting activity in mouse keratinocytes (King et al., 2003 (King et al., , 2006 . Nonetheless, investigations on the role of microRNAs in regulating epidermal stem cells indirectly implicate p63 in repressing differentiation (Lena et al., 2008; Yi et al., 2008) . In these studies, miR203, a microRNA that targets p63 mRNA, was found to be required for the differentiation of mouse epidermal stem cells in vivo and in culture: loss of miRNA expression in suprabasal cells caused defects in differentiation (Yi et al., 2008) , whereas overexpression of miR203 in stem cells resulted in their premature differentiation and a reduction in proliferative capacity (Lena et al., 2008; Yi et al., 2008) . Together these observations suggest that stem cell differentiation is facilitated by miRNA-mediated suppression of mRNAs that promote self-renewal or ''stemness'' in these proliferating progenitor cells. However, because p63 is just one among a number of genes subject to posttranscriptional suppression by miR203, these observations are consistent with, but certainly do not prove, the notion that p63 alone is sufficient to suppress epithelial differentiation.
Our analysis of the conditional p63 knockout in olfactory HBCs provides clarity of the role of p63 in regulating epithelial stem cell differentiation. During injury-induced regeneration, HBCs can give rise to differentiated cells of the olfactory epithelium in the absence of p63, indicating that this transcription factor is in fact not required for differentiation. Significantly, unlike the proliferative stem cells found in other epithelia, the quiescent nature of HBCs under normal conditions has allowed us to dissociate the effects of the conditional p63 knockout on stem cell proliferation with those on stem cell differentiation. Thus, under steadystate conditions, deletion of the p63 gene in HBCs leads to their spontaneous differentiation into more mature cell types of the olfactory epithelium. Because DNp63 is the predominant isoform expressed by HBCs (with TAp63 undetectable by qRT-PCR in FACS-purified HBCs), the present study directly demonstrates a critical role of DNp63 in blocking differentiation of this epithelial stem cell. Although it remains to be determined whether these principles can be generalized to other epithelial stem cell types, the HBC of the postnatal olfactory epithelium provides a facile in vivo model for dissecting the role of p63 in regulating stem cell differentiation and self-renewal.
p63 as a Molecular Switch Governing the Choice between HBC Self-Renewal and Differentiation The regulation of multipotent stem cells involves maintaining a balance between self-renewal and differentiation. Because self-renewal and differentiation represent mutually exclusive choices-possibly reflecting two sides of the same mechanistic coin-balancing between these two outcomes is fundamental to stem cell dynamics (Seita and Weissman, 2010; Weissman et al., 2001) . In this regard it is noteworthy that members of the Sox family of transcription factors-Sox2, Sox10, and Sox9-have been shown to maintain neural progenitor cell multipotency while simultaneously repressing their differentiation (Graham et al., 2003; Kim et al., 2003; Scott et al., 2010) . In the postnatal olfactory HBCs, loss of p63 results in a significant increase in the progression of these largely quiescent cells to highly proliferative progenitor cells, with a concomitant decrease in stem cell self-renewal. These observations suggest a direct mechanistic link between self-renewal and differentiation of the olfactory stem cell, with p63 functioning as a molecular switch that drives the cell toward one of these two alternate cell fate choices. Further insights into the nature of this molecular switch should be gleaned from future studies focusing on the mechanisms of p63 regulation and the downstream targets and interacting partners of p63 that function to promote stem cell renewal and inhibit stem cell differentiation in the postnatal olfactory epithelium.
EXPERIMENTAL PROCEDURES Transgenic Mice and Tissue Injury
Krt5-CrePR transgenic mice (Zhou et al., 2002) , Krt5-CreER(T2) transgenic mice (Indra et al., 1999) , mice harboring the p63 lox/lox conditional knockout allele (Mills et al., 2002) , and Rosa26-lox-stop-lox-YFP (Rosa26 YFP ) reporter mice (Srinivas et al., 2001 ; Jackson Laboratories) were bred and maintained on a mixed B6;129;FVB background. For injury-induced regeneration experiments, olfactory epithelium was injured by performing intraperitoneal injections of methimazole (Leung et al., 2007) , which causes widespread cell death of differentiated cells in the olfactory epithelium within 24 hr of drug administration but largely spares the HBCs. Tissue was fixed at 2 and 6 days following methimazole injection. The inducible creER(T2) recombinase was activated by a single intraperitoneal injection of tamoxifen (0.25 mg tamoxifen/g body weight). Cells in S phase were pulse labeled by a single intraperitoneal injection of the thymidine analog, EdU (50 mg EdU/g body weight). Between three and eight mice were analyzed for each condition and genotype, except for control mice lacking Cre recombinase ( Figure S3 ), from which two mice were analyzed for each condition.
Fluorescence-Activated Cell Sorting
For purification of HBCs by FACS, olfactory epithelium was removed from P21-25 CD1 mice, microdissected into $1 mm 2 pieces, and dissociated using papain in Neurobasal media for 40 min at 37 C. Dissociated cells were then incubated with a fluorescein isothiocyanate (FITC)-conjugated Armenian hamster anti-CD54 (ICAM1) antibody (BD Pharmingen) at 1:25 dilution for 30 min at 4 C. After several washes, FITC-positive and -negative cells were isolated using a cytopeia influx fluorescence-activated cell sorter, and cells were collected into Neurobasal media supplemented with 10% fetal bovine serum.
DNA Microarray Analysis
RNA was extracted from ICAM1 (+) and (À) FACS-purified cells using Trizol LS (Invitrogen) according to the manufacturer's recommendations, and RNA integrity was checked with an Agilent 2100 BioAnalyzer. An aliquot from each RNA sample was used as a template to make cDNA, which was assessed by qPCR to confirm that FACS-purified cells had the expected gene-expression profile of known cell-type-specific markers ( Figure S1 ). Samples that passed this quality control step were then analyzed for gene expression with Affymetrix Mouse Genome 430.2 GeneChip arrays, using standard Affymetrix reagents and protocols. Pairs of ICAM1(+) and ICAM1(À) samples from three independent FACS purification runs were analyzed using one microarray per biological sample. Microarray data were normalized using the GCRMA algorithm (Bolstad et al., 2003; Irizarry et al., 2003a Irizarry et al., , 2003b ; ratios of normalized probe set intensity values were calculated for each sample pair (in which M value = log 2 [ICAM1(+)/ICAM1(À)]) and then averaged among the three replicate pairs. To facilitate ranking of genes for further analysis, we plotted for each probe set the average M value versus Àlog 10 [p value] ( Figure 1C ). Microarray data have been deposited in the National Center for Biotechnology Information Gene Expression Omnibus (GEO) and are accessible through GEO Series accession number GSE31972 (http://www.ncbi.nlm.nih.gov/geo/ query/acc.cgi?acc=GSE31972).
RT-PCR
RNA from cell or tissue samples was isolated using Trizol LS. cDNA was synthesized from total RNA using SuperScript III Reverse Transcriptase (Invitrogen). For qPCR, the Applied Biosystems 7300 Real-Time PCR System was used with SYBR Green and primers that spanned exon-intron boundaries. ''No template'' controls and melting curves were examined to insure against contamination and primer-dimer formation. For quantitation of absolute transcript levels, a titration of TAp63 and DNp63 plasmids was used to make a standard curve, against which known amounts of input cDNA from YFP-positive cells (HBCs) FACS-purified from Krt5CrePR;Rosa26 YFP mice were compared. Using these standard curves, we measured the amount of DNp63 transcript at 0.1 pg/mg input cDNA, whereas the level of TAp63 mRNA was below the detection limit of our assay (0.1 fg/mg input cDNA). Quantitation of relative transcript levels was performed using the 2 ÀDDCT method. Qualitative analysis of p63 isoforms was performed using 30 cycles of amplification. Oligonucleotides used for RT-PCR analysis are summarized in Table 1 .
RNA In Situ Hybridization and Immunohistochemistry
Tissue was fixed at the indicated stages with 4% paraformaldehyde for 6-8 hr at 4 C, washed with phosphate-buffered saline (PBS), decalcified with 10% ethylenediaminetetraacetic acid in PBS at 4 C for 2-3 days, washed with distilled H 2 O, and equilibrated in 30% sucrose overnight at 4 C before mounting and freezing in tissue-freezing medium (Triangle Biomedical Sciences). Tissue sections were prepared at 12 m thickness. RNA in situ hybridization was performed using digoxigenin-labeled probes and detected with an alkaline phosphatase-conjugated anti-digoxigenin antibody and BCIP/NBT substrates, as described previously (Duggan et al., 2008) . The template for the p63 RNA in situ hybridization probe, which includes the DNA binding domain region, was isolated by RT-PCR using the following primers: 5 0 -GCATGGACCAGCAGATTCAG-3 0 and 5 0 -TTGCGCTGTCCGAT ACTTG-3 0 .
For immunohistochemistry, tissue sections were treated with PBS containing 0.1% Triton X-100 with primary antibodies diluted in 10% goat or donkey serum, followed by detection with Alexa 488, 568, or 594 secondary antibodies (Invitrogen), as described (Duggan et al., 2008) . The primary antibodies and dilutions used were as follows: mouse anti-p63, 1:100 (4A4; Santa Cruz Biotechnology [SCBT]); rabbit anti-Ki67, 1:250 (Abcam); goat anti-SOX2, 1:100 (SCBT); guinea pig anti-Ascl1, 1:10,000 (gift from Jane Johnson); goat anti-NeuroD1, 1:100 (SCBT); Armenian hamster anti-CD54/ICAM1, 1:100 (BD Pharmingen); mouse anti-neuronal tubulin, 1:250 (TuJ1; Abcam); rabbit anti-cleaved Caspace-3, 1:250 (Cell Signaling Technology); chicken anti-GFP, 1:500 (Abcam); rabbit anti-GFP, 1:500, (Molecular Probes). Nuclei were counterstained using Hoechst 33342, and slides were coverslipped with VECTASHIELD HardSet (Vector Labs) mounting compound. An antigen retrieval step (steaming for 20 min in 0.01 M sodium citrate, pH 6.0) prior to antibody incubation was necessary for detection of P63, KRT14, and SOX2 and for enhancement of signal for neuronal tubulin (TuJ1).
Imaging and Quantitation
Imaging of processed sections was performed by epifluorescence or scanning confocal microscopy. Images were analyzed in National Institutes of Health ImageJ and Adobe Photoshop to combine channels, quantitate olfactory epithelium length, and quantitate the frequency of double-labeled cells. The number of cells labeled with the Rosa26 YFP reporter that were positive for a range of cell-type markers was counted and compared between p63 +/+ and p63 lox/lox animals. Suprabasal YFP-labeled cells were defined as cells with nuclei (identified by staining with Hoechst 33342) residing in any position apical to the cell layer directly adjacent to the epithelium's basal lamina. For each animal, $2 mm of olfactory epithelium was analyzed from middle and ventral zones on the septum; sample sizes were n = 3 for p63 +/+ mice and n = 4 for p63 lox/lox mice. For quantitation of EdU(+),YFP(+) cells, a total of $4-6 mm of epithelium was scored from middle and ventral zones of the septum; sample sizes were n = 5 for p63 +/ mice and n = 3 for p63 lox/lox mice.
The unpaired two-tailed t test was used to assess statistical significance.
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